The Bax protein plays a critical role in the apoptosis of cancers induced by radiotherapy or chemotherapy, which induce both apoptosis and necrosis. We transduced various glioblastoma cells with the Bax gene via an adenoviral vector and found that A-172 cells led to necrotic cell death, while U251 cells apoptotic cell death, even though a similar level of Bax protein was introduced. A-172 cells displayed a much higher constitutive expression of the Bcl-X L protein compared with that of U251 cells. Upon simultaneous overexpression of the Bcl-X L and Bax proteins in the U251 cells, Bax-induced apoptosis of U251 cells was suppressed and an increase in the number of necrotic cells was seen. Moreover, induction of a higher amount of Bax protein in A-172 cells increased the percentage of apoptotic cells.
Introduction
The Bax gene, a pro-apoptotic member of the Bcl-2 gene family, is involved in radiation-and chemotherapy-induced cell death. Kitada et al. (1996) demonstrated that g-radiation applied to radiosensitive cells upregulated expression of the Bax protein and induced apoptosis. The anti-cancer drugs cisplatin, etoposide, and paclitaxel, exert cytotoxicity by triggering the upregulation of Bax (Boersma et al., 1997) , and Baxinduced apoptosis (Chresta et al., 1996; Strobel et al., 1996; Wagener et al., 1996) . McCurrach et al. (1997) showed that ®broblasts obtained from mice in which the Bax gene had been knocked out, were resistant to chemotherapy. Furthermore, Krajewski et al. (1995) showed that women with metastatic breast adenocarcinoma who have reduced expression of the proapoptotic gene Bax, are more likely to have a poor response to chemotherapy.
However, chemotherapy for tumors using anticancer drugs such as cisplatin, mitomycin-C, cytarabine and 5-uorouracil, induces not only apoptosis, but also necrosis (Antonakopoulos et al., 1994; Guchelaar et al., 1998) . The mode of cell death depends on the dose of anticancer drug (Tsurusawa et al., 1997) . Cellular damage caused by chemotherapeutic agents is preceded by mitochondrial dysfunction. Radiation also causes both modes of cell death (Falkvoll, 1991; Di Pietro et al., 1994) . It has recently been demonstrated that Bax moves from the cytosol to the mitochondria during apoptosis (Wolter et al., 1997) , and promotes cell death by triggering the release of cytochrome c (Cyt c) from the mitochondria (Jurgensmeier et al., 1998) . Overexpression of Bax induces mitochondrial permeability transition (MPT), accompanied by the release of Cyt c (Pastorino et al., 1998) , caspase-3 activation and poly(ADP-ribose)polymerase (PARP) cleavage (Pastorino et al., 1998) . MPT entails the disruption of the integrity of the plasma membrane (necrosis) and/or the activation of apoptogenic proteases with subsequent oligonucleosomal DNA fragmentation (apoptosis) Hirsch et al., 1997) . This suggests that overexpression of Bax may induce both modes of cell death, that is, apoptosis and necrosis, preceded by mitochondrial dysfunction. Decaudin et al. (1997) , showed that induction of Bcl-X L or Bcl-2 prevented mitochondrial dysfunction. Our group have focused on the analyses of cell death mechanisms in glioblastoma cells (Shinoura et al., 1998a,b; Yoshida et al., 1998) . Glioblastomas have been reported to undergo apoptosis or necrosis after radiotherapy or chemotherapy (Shaw et al., 1978; Schier et al., 1982; Takahashi et al., 1998; Black et al., 1998; Kondo et al., 1998) , and almost all glioblastoma cells express Bax, Bcl-X L , and Bcl-2 (Krajewski et al., 1997) . In this study, we transduced glioblastoma cell lines using the recombinant adenovirus (Adv) expression vector for Bax (Adv-Bax), Bcl-X L (Adv-Bcl-X L ) and Bcl-2 (AdvBcl-2), to elucidate the relationship between the mode of cell death, and the level of expression of proapoptotic (Bax) and anti-apoptotic (Bcl-X L , Bcl-2) genes. Here we concentrate on the description of our analyses using the two typical glioblastoma cell lines, which mainly showed either Bax-induced-apoptotic (i.e., U251) or -necrotic (i.e., A172) cell death.
Results

Bax induced necrosis in A-172 cells and apoptosis in U251 cells
We performed Adv-mediated Bax transduction at various multiplicities of infection (MOIs) into the A-172 and U251 glioblastoma cell lines. We infected the glioblastoma cell lines with the Adv for lacZ (AdvlacZ) to determine the transduction eciency of each cell line (Figure 1 ). The MOI of Adv-lacZ required to transduce 50% of the population (ED 50 ) for A-172 cells was three times higher (MOI 70) compared with ED 50 for U251 cells (MOI 27) . Transduction eciency of A-172 cells at an MOI of 100 was 57+4%, while that of U251 cells at an MOI of 10 was 30+4.6%. Therefore, the expression of genes transduced by infection with Adv in A-172 cells at an MOI of 100 should be at the same or slightly higher level relative to that of U251 cells at an MOI of 10 (Figure 1) . Indeed, infecting A-172 cells with Adv-Bax at an MOI of 100 and U251 cells with Adv-Bax at an MOI of 10 induced a similar level of expression of the Bax protein (M r 21 kDa) (Figure 2a) . Although similar levels of exogenous Bax protein should have been induced in A-172 and U251 cells judging from the Adv-mediated transduction eciency as stated above, the band of Bax protein with lower size (M r 18 kDa) in U251 shows higher intensity than that in A-172 ( Figure 2a ). Since U251 predominantly underwent apoptotic cell death as described later, the dierence in the expression levels of the 18 kDa Bax protein may play a role in regulation of apoptosis (Thomas et al., 1996; Yanase et al., 1998) .
Glioblastoma cell lines induced to express a similar level of expression of Bax, displayed dierent levels of apoptosis ( Figure 2b ). The percentage of hypodiploid cells re¯ects the degree of apoptosis. The percentage of hypodiploid cells in U251 cells infected with Adv-Bax at MOIs of up to 100, was high. However, A-172 cells infected with Adv-Bax showed low susceptibility to apoptosis at MOIs of up to 100 (Figure 2b ).
Morphologic analysis of A-172 cells infected with Adv-Bax, and U251 cells infected with Adv-Bax, revealed that the mode of cell death in each cell line diered (Figures 3 and 4) . To clarify the mode of cell death in A-172 cells and U251 cells, we compared Bax-induced cell death with Fas-induced cell death in the A-172 and U251 cell lines. A-172 cells infected with the Adv for Fas (Adv-Fas) at an MOI of 100, and U251 cells infected with Adv-Fas at an MOI of 10, expressed a similar level of Fas 72 h after infection (data not shown). Microscopic Figure 1 Transduction eciency of Adv-lacZ into the A-172 and U251 glioma cell lines. Two days after infection with Adv-lacZ at various MOIs, the cells were stained with X-Gal (Yoshida et al., 1998) . A total of 300 cells in three ®elds were counted under microscopic observation, and the percentage of cells infected with Adv-lacZ was determined. The data represent the mean+standard deviation of duplicate determinations examination of the A-172 cells infected with AdvBax, revealed that most of the A-172 cells remained adherent to the culture dish, and had a swollen, contracted or translucent cytoplasm up to 4 days after infection. A-172 cells infected with Adv-Fas, however, began to detach from the culture dish 2 days after infection, and the number of cells¯oating in the medium increased thereafter. U251 cells Figure 3 (a) Ultrastructural analysis of A-172 and U251 cells, 4 days after being infected with Adv-Bax; with Adv-Fas; and with Adv-Bax and Adv-Bcl-X L . The total MOI was kept constant by supplementing with Adv-lacZ. À A-172 cells infected with Adv-Bax (100) (X7000); Á A-172 cells infected with Adv-Bax (300) (X10000); Â A-172 cells infected with Adv-Fas (100) (X6000); Ã U251 cells infected with Adv-Bax (10) (X5000); Ä U251 cells infected with Adv-Bax (10), and Adv-Bcl-X L (20) (X5000); Å U251 cells infected with Adv-Fas (10) (X10000). Most of the cells which had died in À and Ä, showed evidence of necrosis, namely nucleus without condensation of chromatin (arrow) and many cytosolic vacuoles (arrowhead) ; most of the cells which had died in Á, Â, Ã, and Å, showed evidence of apoptosis, namely condensed chromatin (arrow) in nuclei. (b) Ultrastructural analysis of A-172 and U251 cells after being infected with Adv-Bax and/or Adv-Bcl-X L . The total MOI was kept constant by supplementing with AdvlacZ. À A-172 cells 1 day after being infected with Adv-Bax (100) (X15000); Á U251 cells 1 day after being infected with Adv-Bax (10) (X50000); Â U251 cells 2 days after being infected with Adv-Bax (10) (X7000); Ã A-172 cells 3 days after being infected with Adv-Bax (100) (X25000); Ä U251 cells 1 day after being co-infected with Adv-Bax (10), and Adv-Bcl-X L (20) (X40000); Å U251 cells 1 day after being co-infected with Adv-Bax (10), and Adv-Bcl-X L (20) (X35000). One day after infection of Adv-Bax, most of the A-172 cells showed mitochondrial hydropsis (arrow in À) and dilatation of ER (arrowhead in À), and most of the U251 cells showed mitochodrial damage (arrow in Á). Condensation of chromatin (arrow in Â) appeared in U251 cells 2 days after infection. Three days after infection of Adv-Bax, some of the A-172 cells showed direct communication of damaged mitochondria (arrow in Ã) and dilated ER (arrowhead in Ã). One day after co-infection of Adv-Bax and Adv-Bcl-X L to U251 cells, the damage of mitochondria was still observed (arrow in Ä), but ER was relatively intact (arrow in Å) infected with Adv-Bax, and U251 cells infected with Adv-Fas, began to¯oat in the medium 2 days after infection, and the number of detached cells increased thereafter.
Electron microscopic analysis of Bax-transduced (MOI 100) A-172 cells 4 days after infection revealed the presence of large cytosolic vacuoles and relatively intact chromatin, which are the hallmarks of necrosis ( whereas many U251 cells contained fragmented DNA (68%) (Figure 4d ). Thus, all of the assays (electron microscopy,¯uorescence microscopy, hypoploidy, dye exclusion, detection of fragmented DNA) indicate that the main mode of cell death of A-172 cells infected with Adv-Bax is not apoptosis, but necrosis. On the other hand, apoptosis was the predominant mode of cell death in U251 cells infected with Adv-Bax. In addition, the time course over which A-172 cells died by Bax-induced necrosis, diered from the time course over which U251 cells died by Bax-induced apoptosis. Although a very small percentage of Bax-transduced A-172 cells had undergone necrosis by Day 2 after infection, the percentage of necrotic cells increased dramatically on Day 4 after infection (Figure 4b,c) . In clear contrast, Bax-transduced U251 cells began to undergo marked apoptotic cell death as early as Day 2 after infection (Figure 4b,c) .
Bcl-X L suppressed apoptotic, but not necrotic cell death Next, we investigated the determinant of necrosis and apoptosis in A-172 and U251 cells. It was found that the constitutive level of expression of Bcl-X L in A-172 cells is much higher than that in U251 cells (Figure 5a ). Transfection of Bax into both cell lines at similar levels induced similar degrees of cell death (Figure 4b ), but highly dierent degrees of hypodiploid cells (Figure  2b) , suggesting that the endogenous expression level of Bcl-X L in each cell line aects only the (apoptotic or necrotic) modes of cell death, but not the sensitivity to cell death. After infection of Adv-Bcl-X L into A-172 cells and U251 cells at an MOI of 20, the two cell lines expressed a similar level of the Bcl-X L protein ( Figure  5a ). In both cell lines, the expression of Bcl-X L after infection of Adv-Bcl-X L at an MOI of 20 protected the cells from apoptosis induced by Adv-Fas (Figure 6 ). Induction of Bcl-X L in U251 cells protected them from Bax-induced cell death (Figure 4b) , by completely suppressing the apoptotic activity ( Figure   4c ). However, the percentage of U251 cells that underwent necrotic cell death rather increased with the concomitant Bcl-X L overexpression, i.e., from *6% with Bax alone vs *20% with Bax plus Bcl-X L (on Day 4; Figure 4c ). The percentage of necrotic cell death in U251 cells infected with Adv-lacZ was *8% on Day 4 (data not shown). Thus necrotic cell death of U251 cells transduced with Bax plus Bcl-X L (*20% on Day 4; Figure 4c ) was the predominant mode of cell death, which was signi®cantly increased compared with the control Adv-lacZ infection (*8% on Day 4). Electron microscopic analysis of U251 cells co-infected with Adv-Bax and Adv-Bcl-X L showed features of necrotic cell death, i.e., nuclei without condensation of chromatin and numerous cytosolic vacuoles (Figure 3a-Ä) . Interestingly, the concomitant induction of Bcl-X L in Bax-transduced (Figure 3b-Å) . Fluorescence microscopic analysis of the U251 cells (Bax plus Bcl-X L ) revealed marked suppression of apoptotic cell death, and simultaneously, a small but signi®cant increase in the number of necrotic cells (Figure 4a-Ä) . (Figure 6 ). It is to be noted that Bcl-2 suppressed Bax-induced apoptosis in U251 cells to a lesser degree than Bcl-X L (Figure 6 ). The constitutive level of expression of Bcl-2 in A-172 cells and in U251 cells was much lower than the respective level of Bcl-2 expressed after infection with Adv-Bcl-2 (Figure 5b ). The data suggest that the constitutively-expressed Bcl-2 protein is not the determinant of apoptosis/necrosis in these glioma cells.
Expression of Bax versus
Bcl-X L suppressed Bax-induced cleavage of caspase-3
We examined the expression of other pro-apoptotic genes downstream of Bax, that is, the activated form of caspase-3 (p17) (Han et al., 1997) , and the cleaved form (p85) of PARP, a substrate on which caspase-3 acts. A-172 cells infected with Adv-Bax expressed a much lower level of p17 than U251 cells infected with Adv-Bax (Figure 7a ). Co-infection of Adv-Bax and Adv-Bcl-X L into U251 cells suppressed the expression of p17 (lane 7 in Figure 7a ). This indicates that Bcl-X L repressed Bax-induced cleavage of caspase-3 into its activated form in U251 cells. Induction of Bcl-X L also suppressed Bax-induced enzymatic cleavage of PARP into its activated form (p85) in U251 cells (compare lane 7 with lane 6 in Figure 7b ). Infection of Adv-Bax or co-infection of Adv-Bax and Adv-Bcl-X L did not alter the expression levels of caspase-8 (Figure 7c ) or caspase-9 ( Figure  7d ) in A-172 and U251 cells, whereas the constitutive expression level of caspase-9 in A-172 cells was lower than those in U251 cells (Figure 7d ).
Discussion
Various physiological and pathological stimuli induce cell death by triggering an increase in MPT. MPT involves the formation of regulated megachannels in the contact site between the inner and outer mitochondrial membranes (Kroemer, 1995) . This causes the release of Cyt c and apoptosis-inducing factor (AIF) from the mitochondrial intermembrane space Scarlett and Murphy, 1997) , which, in turn, activate caspases and other endonucleases, and result in disruption of the integrity of the plasma membrane (necrosis), or DNA fragmentation (apoptosis). The Bax protein acts on the mitochondrial membrane (Zha et al., 1996) , and induces MPT, followed by subsequent cell death (Xiang et al., 1996; Pastorino et al., 1998) . In this study, using assays for detection of hypodiploid cells and DNA fragmentation by FACS analysis, percentage of dead cells by dye exclusion, and morphological change by microscopy,¯uorescence microscopy and electron microscopy, we demonstrated that a similar level of overexpression of Bax induced necrosis in A-172 cells and apoptosis in U251 cells. Overexpression of Fas predominantly induced apoptosis in A-172 cells that was inhibitable by Bcl-X L and Bcl-2 (Figure 6 ), suggesting that A-172 cells belong to the type II cells of Fas signaling pathways (Scadi et al., 1998) , in which death inducing signaling complex (DISC) formation was strongly reduced and activation of caspase-8 and caspase-3 occurred following the loss of mitochondrial transmembrane potential (DC m ) (Scaf®di et al., 1998). The MPT caused by Fas or Bax overexpression in A-172 cells might lead to, at least in part, dierent signaling pathways, resulting in dierent modes of cell death. Further investigations are required to elucidate the mechanism of dierent modes of cell death induced by Fas or Bax overexpression.
What are the determinants of the mode of cell death?
Although the caspase inhibitor benzyloxycarbonyl-ValAla-Asp-¯uoromethyl keton (zVAD-fmk) inhibits apoptosis, this substance fails to protect cells against necrosis by inducers of MPT . Similarly, non-apoptotic cell death was induced by treating Jurkat cells which overexpress Bax, with zVAD-fmk (Xiang et al., 1996) . When MPT is induced and a caspase inhibitor prevents the activation of apoptogenic proteases, the cells die from necrosis. Bcl-X L is an antagonist against the apoptosis induced by Bax (Sedlak et al., 1995) . In this study, Bcl-X L inhibited caspase activity; speci®cally, Bcl-X L suppressed Bax-induced activation of caspase-3, cleavage of PARP, and apoptotic death in U251 cells. Therefore, the high constitutive expression of Bcl-X L in A-172 cells repressed the Bax-mediated apoptosis, leading them to necrotic cell death. Indeed, concerning apoptotic cell death versus necrotic cell death, A-172 cells infected with Adv-Bax at an MOI of 100, showed primarily necrotic cell death (*80% necrotic cell death, *5% apoptotic cell death), possibly due to the high expression level of endogenous Bcl-X L .
A-172 cells induced to express a higher level of Bax (Adv-Bax; MOI 300) showed a greater percentage of apoptosis (*60% hypodiploid cells); the higher level of Bax may have overcome the eect of constitutive Bcl-X L in suppressing apoptosis. Moreover, most of the U251 cells infected with Adv-Bax died of apoptosis (*6% necrotic cell death, *80% apoptotic cell death on Day 4 in Figure 4c ). In U251 cells co-infected with Adv-Bax and Adv-Bcl-X L , apoptotic cell death was suppressed and a higher percentage of cells died of necrosis (*20% necrotic cell death, *0% apoptotic cell death on Day 4 in Figure 4c ). These results suggest that the relative level of expression of Bax and Bcl-X L is one of the predominant determinant of the cellular fate between apoptosis and necrosis. It is of note that A-172 expressed a lower level of caspase-9 than U251 (Figure 7d) . The low expression level of caspase-9 in A-172 cells might also contribute to determine the cell death mode, apoptosis versus necrosis. The formation of Apaf-1-caspase-9-cytochrome c complex (Li et al., 1997a ) would be at a low level in A-172 cells. Therefore activated caspase-9 protein would cleave only low amount of caspase-3 protein, resulting in necrotic cell death.
The mode of cell death seems to be determined by two factors: (1) the intensity of MPT; and (2) the balance of pro-and anti-apoptotic mechanisms. When the MPT is large, necrotic cell death will occur within several hours (Ankarcrona et al., 1995) . When MPT is relatively mild but can still induce cell death, either apoptotic or necrotic cell death would ensue depending on the balance between pro-apoptotic and antiapoptotic mechanisms, such as level of Bax versus Bcl-X L . This type of cell death, caused by mild MPT, progresses relatively slowly, within several days.
What is the molecular mechanism by which Bcl-X L inhibited Bax-induced apoptosis but not necrosis?
Although Bcl-2 must bind to Bax to exert its antiapoptotic function, Bcl-X L inhibits Bax-induced apoptosis without directly interacting with the Bax protein (Simonian et al., 1996; Cheng et al., 1996) . Bcl-X L retains its anti-apoptotic ability despite the fact that it does not inhibit the release of Cyt c from the mitochondria (Li et al., 1997b) . On morphological observation by electron microscopy, Bcl-X L did not prevent Bax-induced mitochondrial damage, although Bcl-X L protected the cells from Bax-induced cytotoxicity. These reports and our results indicate that Bcl-X L may possibly interact with a protein which transduces the cell death signal downstream of the mitochondrial damage (signal) to inhibit apoptotic pathways caused by the overexpression of Bax. A candidate protein may be Apaf-1 (Hu et al., 1998) , a mammalian CED-4 homologue (Zou et al., 1997) , with which the Bcl-2 homologue, CED-9, interacts to exert its inhibitory eects (Yuan and Horvitz, 1992; Shaham and Horvitz, 1996) . Interestingly, Bcl-X L inhibited dilatation of the ER induced by Bax overexpression (Figure 3b-Ä) . Mitochondria and the ER control a number of electrochemical events linked to the induction of apoptosis (Lam et al., 1994) . Further studies are required to elucidate the role of the ER in the antiapoptotic function of Bcl-X L . On the other hand, necrosis is possibly related to a damaged mitochondrial membrane and concomitant suppression of the apoptotic cascade outside the mitochondrial membrane by Bcl-X L or zVAD-fmk.
Radiation-and chemotherapy-induced necrosis occurs slowly, usually several days after treatment (Watterson et al., 1993; Hruban et al., 1989; Minchin et al., 1988; Brandes et al., 1998; Packer et al., 1994; Powers et al., 1991) . Upregulation of the Bax gene induced by radiation and chemotherapy, combined with mitochondrial damage due to hypoxia from vascular damage, may induce tissue necrosis by the mechanism reported here. Moreover, Bax transduction has the potential of enhancing the therapeutic eect of radiation or chemotherapy, even in cancers which are resistant to apoptosis.
Materials and methods
Cell lines
The human glioma lines, A-172 and U251 were maintained as described (Shinoura et al., 1998b) .
Generation of the adenoviral vectors of Bax, Bcl-X L and Bcl-2
The cDNA of human Bax was generated by reverse transcription-polymerase chain reaction (RT ± PCR), using template crude RNA from Daudi cells (ATCC), and the following primers: 5'-CGGAATTCCACCATGGACGGGT-CCGGGGAGCAGCCC-3' and 5'-CGGAATTCTCAGCCC-ATCTTCTTCCAGATGGTGAG-3'. The EcoRI/EcoRI fragment of Bax cDNA was inserted into the EcoRI site of pCAcc (Yoshida and Hamada, 1997) , which generated pCAhBax. The pAxCALNL-hBax cosmid was constructed by inserting the ClaI (blunt end) expression cassette of pCAhBax, into the SwaI site of the cosmid pAxCALNLw, provided by Dr Saito (Kanegae et al., 1995) .
The EcoRI fragment of human Bcl-X L cDNA from pSKIIhBcl-X L provided by Dr Boise (Boise et al., 1993) was inserted into the EcoRI site of pCAcc, which generated pCA-hBcl-X L . The cosmid pAxCA-hBcl-X L was generated by inserting the ClaI expression cassette from pCA-hBcl-X L to the ClaI site of the cosmid pAxcw (Miyake et al., 1996) .
The EcoRI fragment of the human Bcl-2 cDNA from pB4 provided by Dr Tsujimoto (Tsujimoto and Croce, 1986) was inserted into the EcoRI site of pCAcc (Yoshida et al., 1997) , which generated pCA-hBcl-2. The ClaI (blunt end) expression cassette from pCA-hBcl-2 was ligated to the SwaI site of the cosmid pAxCALNLw provided by Dr Saito (Kanegae et al., 1995) , which resulted in the pAxCALNL-hBcl-2 cosmid.
The pAxCALNL-hBax, pAxCA-hBcl-X L , and pAx-CALNL-hBcl-2 cosmids were co-transfected with the genomic DNA-terminal peptide complex of Adenovirus type 5; the recombinant adenoviruses were generated using the method described by Miyake et al. (1996) . The Adv-Fas was described previously (Shinoura et al., 1998a) . Adenovirusmediated gene transduction was performed as described previously (Yoshida and Hamada, 1997) . Staining with XGal (5-bromo-4-chloro-3-indoyl-b-D-galactopyranoside) was performed as described (Yoshida et al., 1998) . The AxCALNL-hBax and AxCALNL-hBcl-2 were always coinfected with AxCANCre (Kanegae et al., 1995) , at a ratio of MOIs of 2 : 1. The total MOI of adenovirus used to infect each cell, was kept the same in all experiments, by supplementing with the Adv-lacZ (Shinoura et al., 1998b) .
Assessment of cell death
All the assays were performed using all the cell populations which remained either adherent to the plate or had detached from the plate. The cells were stained and analysed under a ¯uorescence microscope (Provis Ax; Olympus, Tokyo, Japan), by the method described by Shimizu et al. (1996) . Quantitative analysis was performed on 20 randomly selected ®elds, where each ®eld contained 50 cells; the number of apoptotic, necrotic and viable cells in each ®eld was counted. Cells with karyolysis, and those that lacked a nucleus, were included into the necrosis category.
Transmission electron microscopy analysis was performed as described (Shinoura et al., 1998b) .
To determine the percentage of cells which had died, the cells were stained with 0.2% trypan blue; they were then counted using a hemocytometer.
The percentage of hypoploid cells was determined by the method described by Telford et al. (1991) and Shinoura et al. (1998b) .
The DNA fragments in apoptotic cells were detected using APO-BRDU 2 kit (Pharmingen, San Diego, CA, USA), according to the manufacturer's instruction. Brie¯y, the 3'-hydroxyl ends of DNA in apoptotic cells were labeled with Br-dUTP by terminal deoxynucleotidyl transferase and BrdUTP was stained by a FITC labeled anti-BrdU monoclonal antibody. The samples were stained with propidum iodide and analysed by FACS. The assay was performed 4 days after infection with adenovirus.
Immunoblot analysis
Immunoblot analysis was performed using the ECL kit (Amersham, Buckinghamshire, UK), as previously described (Shinoura et al., 1996) . The primary antibody used in our experiments, are: mouse anti-human Bax monoclonal antibody (Medical and Biological Laboratories, #M010-3, Nagoya, Japan); rabbit anti-human Bcl-X polyclonal antibody (Transduction Laboratories, #B22630, Lexington, KY, USA); mouse anti-human Bcl-2 monoclonal antibody (Santa Cruz Biotechnology, #sc-509, Santa Cruz, CA, USA); goat anti-human caspase-3 polyclonal antibody (Santa Cruz Biotechnology, #sc-1226); mouse anti-human caspase-8 monoclonal antibody (Pharmingen, #66231A); rabbit antihuman polyclonal antibody (Ingenex, #IMG-123, San Diego, CA, USA); and rabbit anti-human PARP polyclonal antibody (Biomolecules for Research, #SA252, Plymouth Meeting, PA, USA). The secondary antibody used are: horseradish peroxidase-conjugated donkey anti-rabbit IgG [F(ab') 2 ] (Amersham, #NA9340) for Bcl-X and PARP, rabbit antimouse IgG+A+M (H+L) (Zymed Laboratories, #61-6420, San Francisco, CA, USA) for Bax and Bcl-2, or rabbit antigoat IgG (H+L) (Zymed, Laboratories, #61-1620).
